The paper presents the practical implementation of feedback control strategy to a laboratory scaled vibration isolator platform. The research was carried out to investigate the performance of vibration suppression capability of feedback controller. Two types of controller schemes were examined and compared involving the classic proportional-integral-derivative (PID) controller and fuzzy logic controller (FLC). The laboratory scaled test rig has been developed using the LabVIEW simulation, which is interfaced with a suitable data acquisition card (NI USB 6008) via a personal computer as the main controller. Appropriate vibration source was applied to the proposed systems to test for the system robustness. Results obtained in this study demonstrated the potential and superiority of the FLC scheme as a robust vibration suppressor compared to the other scheme considered in the study.
Introduction
Vibrations accompany us everywhere and in most cases these vibrations are undesirable. For example, vibration of car or any other automobile can lead to passenger discomfort and eventually fatigue. Electronic component used in automobile or planes, machines, structures may also fail because of vibration (Inman, 2001 ). Furthermore, a vibration environment can cause malfunction or failure of mechanical systems and may cause injury to human beings. In all these cases, an object has to be isolated from the source of vibrations. Despite of all constructional distinctions, the essence of vibration isolation systems is identical. The passive vibration isolation system consists of a spring and damper (dash-pot). The performances of the passive systems are highly system dependent as they are unable to adapt or re-tune to changing disturbances or structural characteristics over time (Kashani, 1995) .
The active system uses sensors, actuators and control techniques within mechanical structures which allow higher degree of vibration isolation to be achieved. The main advantage of an active suspension is the associative adaptation potential where the suspension characteristics can be adjusted while driving to match with the profile of the road being traversed.
Various control strategies such as optimal state-feedback (Hrovart, 1993; Alleyne and Hedrick, 1995; Esmailzadeh and Taghirad, 1996) , fuzzy control (Rao and Prahlad, 1997) , neural network (Ahn, 1996) , sliding mode control (Yoshimura et al., 2001; Sam et al., 2004) and fuzzy sliding mode control (Huang and Lin, 2003) have been proposed in the past for vibration isolation of the active suspension system. Mohamad et al. (2006) in their paper used a physical test rig for vibration isolation using active force control (AFC) strategy implemented with MATLAB. Hassan et al. (2010) demonstrated a simulation study involving the application of an AFC strategy to suppress vibration on the rear handle of a handheld tool. Their work investigated the performance in terms of vibration reduction capability of a feedback controller employing AFC-based schemes on a selected powered portable machine. This paper presents the practical implementation of a fuzzy logic controller (FLC) applied to a laboratory scaled vibration isolator platform using LabVIEW. The research was carried out to investigate the performance of vibration suppression capability of a feedback controller using FLC. Two types of controller schemes were examined and compared involving the classic proportional-integral-derivative (PID) controller and FLC scheme. Experimental results show the effectiveness of the proposed control scheme in suppressing the undesirable effects of the suspension system.
Organisation of the paper is as follows. Active vibration control and control algorithms are briefly explained in Section 2. Active vibration isolator (AVI) test rig is explained in Section 3. Simulation with real-time implementation is presented in Section 4. Experimental results are presented and discussed in Section 5. Finally, the last section concludes the paper.
Active vibration control
Active vibration control is the active application of force in an equal and opposite fashion to the forces imposed by external vibration. With this application, a precision industrial process can be maintained on a platform essentially vibration-free.
An active vibration control is a method that relies on the use of an external power source called actuator (e.g., a hydraulic piston, a piezoelectric device or an electric motor). The actuator will provide a force or displacement to the system based on the measurement of the response of the system using feedback control system. Based on Figure 1 , an active vibration control system starts working with measuring the response of the system using suitable sensors. Then, the electronic circuit reads the sensors output and converts the signal appropriately and send it to the control unit. Based on the control law used, the calculated force signal is sent to the actuator and the controlled force is correspondingly applied to the system. The actuator force will actually compensate the vibration force in the system. PID and FLC are the two algorithms used in the experimental study.
In active vibration isolation system among the spring there is feedback circuit which consists of an accelerometer, LVDT and a signal conditioning circuit. The spring supports the weight of the table top and the device which is mounted on the table. The displacement of the mass is detected by a LVDT displacement transducer. As a result of such feedback control system, stronger suppression of vibrations is achieved as compared to ordinary damper. Force balance equation for the above system is given as:
where
F a actuator force F(t) force due to external vibration source (disturbance).
PID controller
A typical PID control law that can be used in the active vibration control system is as follows:
where G c control signal
integral and derivative gains respectively
e and ė joint position error and its derivative respectively.
The control signal is a sum of three terms: P term (which is proportional to the error), I term (which is proportional to the integral of the error), and D term (which is proportional to the derivative of the error). PID controller takes the present, the past and the future of the error into consideration. PID controllers (P, PI, PD and PID) can be realised by simply exploiting the controller gains. Zeigler-Nichols method of tuning the PID parameters is used. Tuned PID parameters are K p = 3, K i = 20 and K d = 0.01.
Fuzzy logic controller
Fuzzy logic (FL) is a problem-solving control system methodology that lends itself to implementation in systems ranging from simple, small, embedded micro-controllers to large, networked, multichannel PC or workstation-based data acquisition and control systems. It can be implemented in hardware, software or a combination of both. FL provides a simple way to arrive at a definite conclusion based upon vague, ambiguous, imprecise, noisy or missing input information. FL approach to control problems mimics how a person would make decisions, only much faster. Many application articles depict the effectiveness of fuzzy control for either complex or ill defined problems (Lee, 1990) . FLCs are very simple conceptually. They consist of an input stage, a processing stage and an output stage. The input stage i.e., fuzzification stage maps sensor or other inputs to the appropriate membership functions and the truth values. The processing stage (decision-making logic) invokes each appropriate rule and generates a result for each, then combines the results of the rules. Finally, the output (defuzzification) stage converts the combined result back into a specific control output value.
Block diagram of the FLC-based vibration control for mechanical suspension system is shown in Figure 2 .The inputs of the FLC are the displacement and velocity of the vibrating mass and the output variable is the voltage which is then converted into current and then applied to the pneumatic actuator. Genetic algorithm (GA) is used to tune the membership functions of the FLC to ensure optimal control performance (Khan et al., 2008) . The optimised membership functions of the input and output variables are shown in Figure 3 . The rules are listed as follows:
• if displacement is LOW and velocity is LOW then actuator is CLOSE LOW
• if displacement is LOW and velocity is GOOD then actuator is CLOSE LOW
• if displacement is LOW and velocity is HIGH then actuator is OPEN MEDIUM
• if displacement is GOOD and velocity is LOW then actuator is CLOSE LOW
• if displacement is GOOD and velocity is GOOD then actuator is OPEN MEDIUM
• if displacement is GOOD and velocity is HIGH then actuator is OPEN FAST
• if displacement is HIGH and velocity is LOW then actuator is OPEN FAST
• if displacement is HIGH and velocity is GOOD then actuator is OPEN FAST
• if displacement is HIGH and velocity is HIGH then actuator is OPEN FAST. 
Active vibration isolator
The design of an AVI experimental rig is based on the working principle of active vibration control through sensors, actuators and control techniques within the mechanical structures. Figure 4(a) shows the proposed design schematic for test rig using digital controller and the developed experimental rig is given in Figure 4 (b). Experimental set up is an integration of the mechanical parts, electric/electronic devices and computer control to make the rig functional as an AVI. The actuator plays a main role in active control of the dynamic system, e.g., a pneumatic actuator like the one described in (Priyandoko et al., 2009 ) piezo actuator. The type of actuator which is being used in this work is a pneumatic type for its quick response and safe operation. The components used to build this actuator are pneumatic cylinder of double acting type, eletcro-pneuamtic positioner (i.e.) an I/P converter and an electronic positioner, air-filter and regulator. Electro-pneumatic actuator is chosen because it matched the demand, control configuration and cost. Random disturbances are produced by the vibrator motor which is placed on top of the mass table. Vibrations are generated by an electric motor (220 V, 50 Hz) with an unbalanced mass on its drive shaft. With the help of LabVIEW software and the use of a data acquisition card, NI USB 6008 with the input and output devices connected, the practical AVI rig that integrates both the software and hardware elements has been developed.
Simulation with real-time implementation
The parameters of the AVI rig are listed as follows: The analogue signals from the accelerometer and displacement sensor are given to a personal computer (PC) by using DAQ card NI USB 6008. PC after performing calculations generates a signal to be given to the pneumatic actuator for nullifying the effect of disturbance on the mass. Voltage signal is taken through the output ports of the DAQ card and is converted into a current signal by a suitable V/I converter. This current signal is given as the input to the electro pneumatic actuator which produces the control force to suppress the vibrations. The flowchart for the procedure of vibration control of the mechanical suspension system in LabVIEW platform is shown in Figure 5 . If the selector switch is '0' PID algorithm is activated and if it is '1' FLC algorithm gets activated.
Simulations are performed using LabVIEW. Simulations are conducted for open loop passive, active mode with PID and FLC. All the relevant parameters and conditions are maintained the same for all the schemes to ensure a realistic and a fair one-to-one comparison.
Experimental results and discussion
Vibration isolation of the mechanical suspension system is achieved experimentally with the help of feedback controllers in an active mode. One of the main objectives of the experimental study is to obtain the best responses of each controller -PID and FLC by tuning the respective parameters of the controllers. For PID controller, the 'best' combination of proportional, integral and derivative gains need to be tuned appropriately and this was typically performed by Zeigler-Nichols approach. The position and acceleration signals were measured using sensors installed at a suitable position in the rig. The experiment has been carried out for the random frequency generated by the vibration motor. Random vibrations were generated by an electric motor with an unbalanced mass on its drive shaft. Figure 6 to Figure 8 shows the displacement response of the mechanical suspension system for passive, PID and FLC-based controller respectively. Figure 6 shows the displacement response for the passive mode of operation. Difference between the peak undershoot to peak overshoot is about 1.5 cm. Figure 7 shows that as the control signal builds up the displacement of the vibrating mass is brought down. It is obvious from Figure 8 , by using FLC technique the mass is brought to the equilibrium position in a faster time and hardly any vibration occur. It is demonstrated by both active modes vibrations are completely brought down and at the same time FLC performs better than PID in terms of settling time. FLC-based control produced faster settling time of five-seconds compared to 35 seconds for the PID scheme. Figure 9 to Figure 11 shows the acceleration response of the mechanical suspension system for passive, PID and FLC-based controller respectively. Figure 10 shows that after 35 seconds acceleration is brought to almost zero by PID control scheme. FLC-based active vibration isolation provides quick response and it is obvious from Figure 11 , where acceleration is almost zero by five-seconds. It clearly shows that working of FLC is very efficient than PID with quick response action. Thus, both the PID and FLC schemes have shown the capability to suppress the vibration up to 98%. It is demonstrated from the experimental results, that FLC-based active vibration control provided better performance than its counterpart. It clearly shows that working of FLC is very efficient than PID with quick response action. 
Conclusions
AVI test rig has been developed in real-time and control of vibrations using the PID and Fuzzy controllers with the help of the LabVIEW software were experimented. From the experimental results, it is observed that the system could be maintained in an equilibrium position by arresting the vibrations given externally from the vibration source (vibrator motor). From the results obtained, it is clear that the AVI using either PID or FLC controller gives a much better performance than the passive isolator. Overall, the FLC scheme gives an excellent performance in compensating the disturbances (vibrations at random) introduced into the suspension system. This clearly demonstrates the robustness and potentials of the practical FLC scheme in that it can be readily implemented in realtime arising from the fact that the control algorithm is mathematically simple and computationally not intensive.
Scope for future work
The same setup can be used for isolating vibrations using AFC technique with the installation of load cell and by making modifications in the setup it can be extended to multiple degrees of freedom.
